We have developed a "two-site" lattice gas model which provides a theoretical framework for understanding adsorption equilibrium in systems for which the potential energy surface is inherently heterogeneous in terms of both adsorbate-adsorbate and adsorbate-potential energy surface interactions and also entropic factors associated with the existence of two types of sites. Utilizing this general framework, we have examined two model systems with general features of the CO-Pt(ll1) adsorption system. In the first of these models, we represent the CO-CO interaction with a repulsive dipole-dipole -dipole-image potential and in the second, with a Lennard-Jones 6-12 potential. We delineate criteria for determining the ordered ground states of each of the systems in terms of the relative magnitudes of adsorbate-adsorbate and adsorbate-potential energy surface interactions and, utilizing Monte Carlo simulations, we calculate approximate phase diagrams for each. In addition to observing the expected order-disorder phase transitions, we observe a "bridge-to-top" transition associated with the transfer of molecules from bridge to energetically favored top sites as the temperature of the system is decreased. Both models produce phase diagrams which may be inferred from LEED studies of the CO-Pt(ll1) system at low coverages. In addition, the dipole-dipole -dipole-image potential reproduces quantitatively the experimentally observed coverage dependence of both the heat of adsorption and the infrared frequency of linear CO, while the Lennard-Jones model fails to reproduce these trends. We have utilized our model to address several issues related to the equilibrium of the CO-Pt(l11) system and we suggest avenues for future experimental study.
Introduction
The adsorption of CO on Pt(ll1) is one of the most heavily studied systems in surface science. Numerous studies of this system conducted with a variety of experimental techniques have made available a large body of information regarding the CO-Pt (111) and CO-CO interaction. The general energetics of the CO-Pt(ll1) interaction, characterized by the potential energy surface (PES), has been the subject of many studies [l-lo] which find that the hexagonal-close-packed Pt(ll1) surface contains two preferred locations for CO ' Current address: Department of Chemical Engineering, 133
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adsorption:
on top sites directly above platinum atoms and on bridge sites between two platinum atoms. CO is more strongly bound to the top sites than to the bridge locations and the two binding states are vibrationally distinct, as well. The CO-CO interaction is evident in several experimental measures characterizing the adsorption including the LEED patterns [lo-141, the infrared spectrum , and the thermal desorption spectrum [3, 6, 10, 13, 20] . Together, and CO-CO interactions govern the adsorption equilibrium of the system as a function of temperature and coverage and an understanding of this interplay, although lacking at present, is clearly a necessary component in a detailed picture of this system. In this paper, we review our steps in the development of a "two-site" lattice gas model which
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provides a framework for understanding the complex ra~fications of adsorbate-adsorbate and adsorbate-PES interactions in the CO-Pt(ll1) and similar systems. Utilizing this general framework. we have conducted Monte Carlo studies of two model systems representing two conflicting points of view regarding the effective interactions among chemisorbed CO molecules in the CO-Pt(ll1) system. In the first of these models, we represent the CO--CO interaction with a repulsive dipoledipole -dipole-image potential and in the second, with a Lennard-Jones 6-12 potential characterizing interactions which are repulsive over very short length scales, and attractive over most length scales. We shall show that the repulsive dipole-dipole -dipole-image potential reproduces semi-quantitatively the ordering of chemisorbed species, and coverage dependence of the heat of adsorption and the infrared frequency of CO adsorbed on top sites. Although the LennardJones model also depicts a phase diagram which may be inferred from LEED studies of this system, it fails to reproduce even qualitative trends seen in the coverage-dependence of the heat of adsorption and the infrared frequency of linear CO. We have utilized our model to address several unresolved issues related to the equilibrium of the CO-Pt(ll1) system and we suggest avenues for future study.
The two-site potential energy surface
A model PES for a "two-site" adsorption system can be constructed from an elementary description of the kinetics of surface diffusion.
In this model, a molecule is assumed to be chemisorbed in a potential energy well whose depth is defined by the heat of adsorption and whose parabolic shape arises from the assumption that the molecule is a harmonic oscillator. With two sites available for adsorption, a potential energy curve may be constructed as depicted in fig. 1 . This curve is characterized by two energies: A E. the energy differences between a top and a bridge site and En, the barrier energy to diffusion for the bridge species (the barrier for diffusion of the top species is (Es + AE)). In addition, two frustrated translational frequencies parallel to the surface Distance Fig. 1 . The "two-site" PES is characterized by two frwtrated translational frequencies parallei to the surface. vI,,, and ~~,_a. and two energies. AI?, the energy difference between a top and a bridge site and E,, the barrier energy to surface diffusion.
characterize the potential energy wells of top and bridge sites, vii,r and ~;,,a, respectively.
The interaction of an adsorbate with the theoretical PES shown in fig. 1 is described in terms of the Master Equation:
de, df =8&I/B) -B,P(BjTf, where T and B denote top and bridge sites, respectively, 0, is the fraction of time a single species is chemisorbed on a site of type i, and P( i ( ,j) is the conditional transition probability per unit time from a site of type j to a site of type i. The transition probabilities for the Master Equation are given P(T IB) = +~,;.a e "H/'7,
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The factor of l/3 in eq. (2) is included to account for the ratio of top to bridge sites on the hexagonal-close-packed Pt( 111) surface. When a molecule is at equilibrium on the twosite PES, the time derivative of the Master Equation is zero and, since 8, + 8, = 1, the detailed balance condition arises:
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Eq. (5) describes the equilibrium of molecules on a general, two-site PES at low coverages for which adsorbate-adsorbate interactions are negligible. Different constant values of the frustrated translational frequencies of the top and bridge sites reflect the different densities of the energy levels of these chemically distinct species. For the CO-Pt(ll1) system, it has been observed experimentally [8] that v,,,r < Yil,n and, thus, (Y < 1. Therefore, the energy levels of the top species are lower than those of the bridge (because the top site is favored energetically) and they are also more dense. It can be seen from eq. (5) that as the temperature of the system approaches zero, the energetic cont~bution to the equilib~um of the system increases and, at T = 0, the system reaches an equilibrium which energetic considerations would dictate (i.e. all molecules on top sites). On the other hand, as T + 00, the top species is, again, slightly favored over the bridge by its density of states. However, there are three times as many bridge sites as top sites on the Pt(ll1) surface. Thus, the factor 3a reflects the entropy of adsorption. We shall show presently that this factor plays an interesting and nontrivial role in determining several properties of the equilibrium CO-Pt(ll1) system. Studies which have focused on characterization of the CO-Pt(ll1) PES [6, 7, 10, 20] have estimated values for the difference between the heat of adsorption of a top and bridge site (AE on fig. 1 ) between 8 (ZO] and 0.5 kcal/moI [lo], although estimates are heavily skewed towards the lower value. In our studies, we examined two potential energy curves, one with AE = 0.5 kcal/mol and one with AE = 1.0 kcal/mol. Corresponding values of OL were cx = 0.1, a choice based on the thermal helium scattering data and normal mode Some further comments are in order regarding the relationship of our model PES to the COPt(ll1) adsorption system. One of these is that the frustrated translational frequencies are isotopic in the three directions allowed by the hexagonalclose-packed Pt(ll1) symmetry. While this assumption may be valid for a CO molecule diffusing from a top site, it is perhaps unsatisfactory for diffusion from a bridge site. Through inelastic helium atom scattering and normal mode analysis, Lahee et al. [S] have shown that it is likely that the bridge species has two orthogonal frustrated translational modes which are between the two top sites spanned by the bridge and between two top sites separated from the bridge by three-fold sites, as depicted in fig. 2 . Although the exact hopping scheme is unimportant when equilib~um properties of a system are sought, anisotropy of the PES alters the equilibrium of the system by introducing a barrier as well as an additional frustrated translational frequency to the detailed balance equation. At this stage of understanding, we have opted for a less complex description and we note that our approximation contains sufficient detail to convey several macroscopic trends of the system.
A~orbat~-adsorbate interactions
In additions to interaction with the PES, molecules are subject to interactions with one another. Evidence for these interactions is seen in several experimental measures characterizing the COPt(lll) system including the LEED patterns. the infrared spectra of linear CO, and the coveragedependence of the heat of adsorption. However. since these results have not been uniquely interpreted as being due to either attractive of repulsive interactions, we have examined adsorption equilibria arising from each of these types of interaction.
Many of the experimentally-observed features of the CO-Pt(ll1) adsorption system may be attributed to repulsive adsorbate-adsorbate interactions. Perhaps the most compelling experimental evidence for this type of interaction is the coverage-dependence of the heat of adsorption. The heat of adsorption has been shown to exhibit large overall decreases with increasing coverage [3.6,10, 20,211 and appreciable decreases even at coverages less than l/3 [22-241. If these low-coverage decreases in the heat of adsorption can be attributed to adsorbate-adsorbate interactions (and not to the initial filling of defect sites having high heats of adsorption), then the repulsive interactions among CO molecules must extend over long length scales on the Pt(ll1) surface. As the origin of this long-range repulsion. we have considered dipoledipole interactions.
It is quite possible that the static dipole moment of CO on Pt(ll1) is very high. From work function studies of CO adsorbed on Pt(ll1) and vicinal surfaces, Poelsema et al. [14] have estimated that the static dipole moment of CO on an "ideal" Pt(ll1) surface with a defect concentration of < lo-' is -0.9 D. A major finding of this study is that the work function of CO on Pt(ll1) is extremely sensitive to the concentration of defects on the Pt(ll1) surface with surfaces having the lowest defect concentrations exhibiting the lowest minima in the work function (and. thus. higher average static dipole moments).
The estimate of Poelsema and coworkers is considerably higher than estimates from previous studies [6, 10, 16] , in which defects were presumably present to a greater extent. In addition to posessing a dipole moment associated with charge transfer to the surface, it is possible that chemisorbed CO also has an intrinsic dipole moment associated with its molecular structure. Thus, it is possible that dipole-dipole repulsions are significant in the CO-Pt(ll1) system. As will be shown, several of the experimentally-observed attributes of this system may be consistently interpreted in terms of this type of CO-CO interaction.
We have utilized a dipole-dipole dipoleimage potential to model the repulsive interactions in one of the model systems. For two parallel-oriented dipoles (as in the case for CO molecules adsorbed on Pt(l11) for coverages I 0.5 [2S 271) with identical dipole moments. the intermolecular potential is given:
where p is the static dipole moment and r is the distance between chemisorbed molecules. Following Sheffler [28] . we have also included two terms in the potential to account for dipole-image interactions: 
if site i is a bridge site I, if site i is a top site.
and +( i, j) = "(7 i) is the pairwise adsorbateadsorbate interaction potential between two mole-cules, i and j, as given by eqs. (7) and (8) or eq.
(9).
(3) The probability to move the molecule from the occupied to the vacant site is calculated:
if o is a top site and v is a bridge,
If the right-hand side of eq. (12) is greater than 1, then P(v lo) is equal to unity.
(4) The decision to accept or reject the move is based on the comparison of this probability to a random number, r E (0.. .l). If r is less than P(v lo), then the move is made.
The ensemble equilibrium of adsorbed species is indicated by the attainment of a constant (minimum) surface configurational energy with "time". which can be defined as the number of attempts to exchange occupied and vacant sites. The surface configurational energy is defined where I,(i) is as defined in eq. (11). Thus, by monitoring the surface configurational energy as a function of time, we recognized the achievement of equilibrium.
To generate series of surfaces at varying temperatures for fixed coverages and to facilitate the attainment of equilibrium at lower temperatures. we simulated quenching of the surfaces. In the quench simulations, we began with a random configuration of molecules at 450 K, which is roughly the desorption temperature of CO, and we decreased the temperature of the system, slowly and reversible in 20 K increments, until equilibrium at the lowest temperatures was reached. We confirmed the attainment of equilibrium at each quench stage by monitoring the configurational energy of the system, as defined by eq. (13) as a function of time. Equilibration times ranged from -100,000 steps at low coverages to as many as 10 million steps at half coverage. We measured several properties of the equilibrium surfaces generated with our simulations and, in the remainder of this paper, we shall discuss these results and their pertinance to the experimental data available for the CO-Pt(l11) adsorption system. Our discussion will center largely on the dipole-dipole model, while results from the Lennard-Jones model will be presented for comparison.
Ordering of CO on Pt( 111)
Perhaps the most direct evidence of the interactions among CO molecules chemisorbed on Pt( 111) is seen in the LEED patterns of this system. The first solid evidence of these patterns was presented in the pioneering study of Ertl et al.
[lo]. They observed a diffuse (6 X fi)R30 o diffraction pattern for this system at room temperature after the surface had been exposed to 1 L. Although the pattern sharpened somewhat as the temperature was decreased, it was still diffuse at 170 K, the lowest temperature accessible in the study, indicating a substantial degree of disorder. At 2 L exposure, Ertl observed a c(4 X 2) pattern which was sharp at temperatures below 270 K and which gradually faded as the temperature was raised to 350 K, indicating an order-disorder phase transition. At exposures above 2 L. Ertl et al. observed a gradual distortion of the c(4 x 2) pattern which they associated with "compression" of the overlayer, an observation which sparked the later "compression"
[2] -"fault-line"
[5] controversy concerning the structure of the overlayer at coverages > 0.5.
The experimental results of Ertl et al. at half coverage have been reproduced and refined by several groups. The c(4 x 2) structure is depicted in fig. 3a . In the latter two investigations, the c(4 x 2) pattern was observed at coverages below 0.5, with Steininger et al. reporting the pattern for coverages as low as 0.35. At this coverage, Steininger et al. observed the gradual emergence of the c(4 x 2) pattern at 100 K and concluded that chemisorbed CO is highly mobile at this temperature and that the net interactions among CO molecules are attractive. Since thermal helium scattering [31] and LITD [32] studies have both estimated that the activation energy for the diffusion of CO on Pt(111) is -7 kcal/mol with a preexponential factor of -10m4 cm*/s, it is unlikely that CO is highly mobile at 100 K. However system, since such a species could be mobile at low temperatures and could potentially falsify coverage-exposure calibration.
The existence of a precursor would also eliminate the need to assume that c(4 x 2) islands are formed due to attractive CO interactions, since the surface coverage in this situation would be higher that 0.35. Nevertheless, as we shall discuss subsequently, it is possible for the c(4 x 2) pattern to form at all coverages between l/3 and l/2 in the absence of attractive interactions.
However, additional experimental work is necessary to clarify the range of coverages for which the c(4 x 2) pattern is present.
The low-coverage (fi X fi)R30" pattern observed by Ertl and global (4 X 4) and (8 X 8) symmetry. As we shall show presently, a number of low coverage patterns could provide alternate explanations for the low coverage superstructures seen experimentally in the CO-Pt(ll1) system. As indicated in the preceding discussion, it is not clear at which coverage c(4 X 2) domains begin to form. If adsorbate-adsorbate interactions in the CO-Pt(ll1) system are isotropic (as the (6 x &)R30" pattern might indicate), then the absence of hexagonal patterns provides information regarding the relative energies of the adsorbate-adsorbate interactions and the energy difference between top and bridge sites. When ordering in the (J?; X fi)R30 o pattern is completed at a coverage of l/3, the molecules must seek new minimum energy configurations as the coverage is increased. If the top and bridge sites had the same adsorption energies, then, in the presence of repulsive adsorbate interactions, minimization of energy would occur through maximization of inter- moiecuiar distances. Two suc.h patterns would result in this case: the (3,/Z X 3/2) pattern, which saturates the surface at a fractional coverage of 4/9 and the (o/2 x fi/2)R40" pattern, which saturates the surface at a coverage of 4/7. As depicted in fig. 4 , the ratio of top to bridge sites in these patterns is 1 : 3, whereas in the ~(4 X 2) pattern, the ratio of top to bridge sites is 1 : 1. Therefore, the c(4 x 2) pattern will occur instead of the (3/2 X 3/2) if the more repulsive adsorbate-adsorbate interactions at the sharter c(4 x 2) distances are more than offset by the lower energy of adsorption at a top site. It should be noted, however, that if the energy difference between top and bridge sites is very large compared to the adsorbate-adsorbate interaction energy, then molecules would adsorb exclusively on top sites, as energy minimization would occur in that way.
'The preceding discussion suggests it set 01 criteria for the relative magnitudes of interactions allowabk in the model system. To investigate these criteria. we have generated surfaces with (3,/Z X J/2). ~(4 x 2). (J?-/2 x /7/'2)R40 O> and (1 Y 1 ) patterns and calculated the average energy of a molecule adsorbed in each of these configurationa ax a function of the static dipole moi~ent.
EL in qs. (7) and (8). and AE. the energy difference between a top and bridge site, as depicted in fig. 1 . Fig. 5 depicts the results of these calculations. indicating that. with dipole-dipole interactions, the ~(4 X 2) pattern can be seen between coverages of 4/9 and l/2 for a wide range of p and LE. as depicted in regions IL and III on the graph. For sufficiently large values of al?, depicted in region II on the graph, the ~(4 x 2) pattern is favored over the (3/2 x 312) and, thus. it is possible to SW the c(4 X 2) pattern at coverages hetween I,//3 and l/C in this parameter regime. For our chosen values of or. and AE, it can be seen on fig. 5 that our modei system tends to ground states with the ~$4 X 2) pattern at coverages between 4/9 and l/Z. Our simulations produced the patterns which the experimental studies have indicated (i.e. the (& x fi)R305 pattern at coverages near lj3 and the ~$4 x 2) pattern near iJ2 coverage) plus several dew-coverage patterns. A~thou~ fig. 5 indicates that the (3/2 x J/2) pattern is favored energetically at coverages near 4/9, we did not observe this pattern for temperatures down CO fO K, the lowest temperature investigated. As will be discussed in more detail s~bseque~t~y~ we attribute our failure to observe this pattern to limitations arising from the law value of cy (= 0.1) utilized in the model. Our simulations have also provided insight to pattern formation in systems with repulsive dipole-dipole interactions and have affowed us to address the following issues related to the CO-Pt (111) i"y
if site is not occupied, if site is occupied, and ( * -* > denotes an average over all r*. Fig. 7 shows our measured autocorrelation function for the surface depicted in fig. 6 . The strength of the correlations at a given length scafe on the surface is indicated by the diameter of the circle at that length scale on the graph. Since the center point at (0, 0) represents correlations between a molecule and itself, this is the largest circle on the graph. To improve the statistics, we averaged all four quadrants on the surface and then Wipped" the pattern ho~~nta~~y and vertically about the x and y axes and diagonally about the origin tcr create a complete piot, As can be seen in fig. 7 , ordering is present to a significant extent, as indicated by the large size of the circles, with strong correlations to the sixth neighbor at the (6 X &)R30 0 distances.
The autocorrelation function also allows us to follow the development of correlations on the surface as a function of temperature. Fig. 8 shows the development of the (6 x fi)R30" pattern as the temperature of the system is decreased from 190 IL As can be seen in this figure, we Another possible cause for the diffuseness of the (6 x fi)R30 0 patterns observed expe~mentally could be that the experimental coverages were not sufficiently close to l/3. Fig. 9 shows the autocorrelation function for a surface at a coverage of 0.30 at a temperature of 110 K. A comparison of this figure to fig. 7 reveals that the change in the extent of ordering resulting from this small change in fractional surface coverage is dramatic. We attribute this feature of our model to the repulsive interactions among the chemisorbed species which lead to pattern formation only at, or extremely close to, the exact coverage for which the pattern saturates the surface. Thus, our simulation results suggest that, with precise determination of cover-
pattern should be greatly improved. Additional experimental work is necessary to verify this prediction.
We have also observed several low-coverage superstructures in our simulations. we see that the reduction in ordering resulting from small changes in fractional surface coverage is dramatic. This feature of the system is characteristic of repulsive dipole-dipole interactions, which produce strong patterns only at, or extremely close to, the exact coverages for which the patterns saturate the surface. a surface generated at 3 = 0.2 and T = 10 K and the autocorrelation function of this surface. The autocorrelation function reveals weak correlations (i.e. the six small circles near the origin) at a distance of twice the lattice spacing which are consistent with the (2 X 2) pattern. The (2 X 2) pattern saturates the surface at a coverage of l/4 and small domains of this pattern can be seen in fig. 10 . There are also small domains of the square (fi X 2) pattern, which also saturates the surface at a coverage of l/4. However, since the hexagonal (2 x 2) pattern is more consistent with an isotropic potential, this is the pr~o~nant pattern in the system. Although the temperature of the surface is very low, the degree of ordering is still quite weak. As discussed above, this can be attributed to the repulsive interactions of the system. If the fractional surface coverage of the system were closer to l/4, the saturation coverage for this pattern, the autocorrelation function would show a strong pattern at temperatures close to and below the order-disorder transition temperature at f? = l/4 which, as will be shown subsequently is -140 K. Fig. 11 shows a surface at 0 = 0.14 and T = 10 K. The weak ordering on this surface is predominantly in the (0 x fi)R19.1° pattern which saturates the surface at I3 = l/7. There is also some evidence for the nearly square (fi x fi)R40.9O pattern, which would saturate the surface at 8 = l/8. Although interactions among che~sorbed species are not negligible at this coverage, changes in the potential at distances of 20 lattice spacings are imperceptible and these ground states are highly degenerate. Given the diffusion limitations which exist in the CO-Pt(ll1) system, it is unlikely that either of these patterns would be observed experimentally. and stronger correlations would be expected at higher temperatures as the coverage is increased to this value. structures seen in the CO-Pt(ll1) system with LEED can be explained in terms of the structures that we have seen with our model. Fig. 12 depicts a surface and its autocorre~ati~~n function at half coverage and T = 40 K. The correlations at the c(4 X 2) distances are quite strong. indicating that the c(4 x 2) ordering is fairly extensive. Close scrutiny of the autocorrelation f'unction reveals that many of the major spots at-c accompanied,
to the left and right. by two minor spots, thus giving the pattern a streaked appearance. This is consistent with the formation of rows of CO molecules on top sites which will presumably evolve to "fault-line" structures [5.27] at higher coverages.
Order-disorder phase transitions
In the preceding section. we showed a ntrmbcrof surface structures produced by our model at different temperatures and coverages. In this section, we present the results of more quantitative studies of the order-disorder phase transitions of the model system. In theory, a phase transition is accompanied by singular behavior of the heat capacity with temperature.
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Fig . 13 . The heat capacity, as calculated from eq. (16) as a function of temperature at 19 = 0.14. The two peaks in this curve denote two transitions of the system: a high temperature order-disorder phase transition and a low-temperature bridgeto-top transition.
ity in the heat capacity at the temperature of the transition, we observed smooth maxima in the heat capacity at the transition temperatures for all of the surfaces as a result of the finite size of the simulation lattices. The low-temperature maximum of fig. 13 arises from a bridge-to-top transition which, unlike the high-temperature maximum, does not signify a phase transition. This can be seen by examination of the behavior of a single molecule on an infinite lattice as a function of temperature.
Utilizing eqs. (5) and (6) to yield the fraction of time a single molecule is adsorbed on a top site, we can calculate the energy of the molecule as:
assuming the energy of a top site is zero. Thus, the heat capacity of a molecule as a function of temperature may be calculated from eq. (16). We have calculated this quantity for CY = 0.1 and AE = l/2 kcal/mol and the result is depicted in fig. 14 , from which it can be seen that a single molecule will undergo a bridge-to-top transition at a temperature of -120 K with these parameters.
However, since there is clearly no cooperativity here, this maximum does not correspond to a many-particle phase transition.
We have calculated the heat capacity as a function of temperature for surfaces at a number of coverages and, from these, we have constructed an approximate phase diagram for our model system as shown in fig. 15 . This figure, depicts a sharp decrease in the temperature of the bridge-to-top transition with increasing coverage and the disappearance of this transition at coverages above 0.2. We attribute this decrease to the increasing strength of adsorbate-adsorbate interactions relative to AE, the energy difference between a top and bridge site, as the coverage is increased. As might be expected, there is a large increase in the order-disorder transition temperature of the system as the coverage is increased. However, at intermediate coverages, the transition temperatures levels and begins to decrease as 8 -+ l/2. At l/2 coverage, calculation of the orderdisorder transition temperature became unfeasible with our computing facilities and we estimated the temperature as follows: From quenching simulations, we obtained the equilibrium surface configurational energy as a function of temperature for decreasing temperatures.
We also ran simulations beginning with a perfect c(4 x 2) surface at l/2 of adsorbed species is generaily disordered, while at temperatures below the curve, ordering is favored. The extent of ordering seen at a given coverage is also dependent on the proximity of that coverage to a coverage for which a pattern saturates the surface. The point on the diagram at half coverage is an estimate (see text). coverage and 10 K in which we gradually heated the surface, recording the equilibrium surface configurational energy as a function of temperature.
At suf~ciently high temperatures, the configurational energies obtained from both sets of simulations were equal. However, at low temperatures, we observed hysteresis with the heating simulations exhibiting lower energies than the quenches. We estimated the order-disorder transition temperature of the system to be the temperature at which hysteresis first occurred -approximately 50 K.
The leveling off and decrease of the order-disorder transition temperature at intermediate to high coverages would not be expected in a system with (Y = 1. Instead, we would expect to observe a decrease in the order transition temperature of the system at (theoretical) coverages closer to 1.0, where molecules are forced by limitations of the hard-sphere diameter to adsorb on top sites in the (1 X 1) configuration.
The premature decrease in the order-disorder transition temperature ohserved in our model can be explained by two factors which woufd. either separately, or in combination, postpone the decrease in the order-disorder transition temperature to higher coverages. The first of these factors is the low value of (Y utilized in our simulations.
With low values of Q'. adsorption on top sites is favored by entropy as well as by energy. This entropic bias is consistent with the energetic bias at 8 < l/3, where the system tends toward ground states (T = 0) with all molecules adsorbed on top sites, as shown in fig.  16 , which depicts the fraction of molecules adsorbed on top sites as a function of temperature for several total coverages.
At In this figure, it can be seen that. for 0 <l/3. the system tends to ground states with all molecules on top sites, while for higher coverage%. ground states with both to and bridge sites become favored.
(in the (1 x 1) pattern) begin to be filled instead of bridge sites (in the ~(4 X 2) pattern) because the entropic bias outweights the energetic factors promoting the c(4 X 2) pattern. As the temperature is decreased, transitions of molecules from bridge to higher energy nearest-neighbor top sites become less and less favored and, eventually, the orderdisorder transition occurs -at a lower temperature than zero-point energetic considerations would dictate. Recently Schweizer et al. [7] have suggested that (Y may be higher by a factor of two than the value we have utilized. Further, a! is, in actuality, an increasing function of temperature. Certainly, both of these factors would improve our high coverage description of the system, although the extent of the improvement needs to be verified.
A second factor which would induce order-disorder transitions at higher temperatures is the existence of additional short-range repulsive interactions at the nearest-neighbor distance. The dipole-dipole interaction potential is a "soft" potential in that it is not particularly steep at short distances. (However, it should be noted that the dipole-dipole potential is sufficientIy steep to prevent overlap of the CO hard sphere diameters in our model.) Additional repulsive interactions at the nearest-neighbor distance would steepen the potential and, thus, they would disfavor to a greater extent the adsorption of CO molecules on nearest-neighbor top sites. This energetic bias could partially overcome the entropic bias due to low values of LY.
Experimental evidence suggests that the intermolecular potential in the CO-Pt(ll1) system becomes very steep and is possibly discontinuous at distances of one lattice spacing. One indication of this steepness is the tilting of CO molecules adsorbed on nearest neighbor top sites observed with ESDIAD [27] as coverage is increased above l/2. The fact that the tilting is not observed at lower coverages would indicate that repulsion at the nearest neighbor distance is significantly stronger than at other distances. Henderson et al. 13 .51 have attributed the observed tilting of CO molecules on the steps of Pt(112) to steric limitations which clearly will only occur at the shortest CO-CO distances possible. Another indication of significantly increased repulsion at very short distances in the CO-Pt(ll1) system is the evolution of two peaks in the thermal desorption spectrum of this system at higher coverages {3]. Lattice gas studies [37- Since defects are present, to varying degrees, on all experimental single-crystal surfaces, it is desirable to assess the "error" in the predictions of our model resulting from our neglect of these sites and to explore the possibility that the experimentally-observed decreases in the heat of adsorption could be solely due to this effect. In the absence of adsorbate-adsorbate interactions and the presence of defects, the coverage-dependence of the heat of desorption should be of the form where E,, is the initial heat of adsorption on a Pt(ll1) site, ( E,,cj) is the average heat of adsorption on a defect site, 8, is the fraction of sites which are defects. and 8 is the total surface coverage of adsorbed species. This expression assumes that defect sites are initially populated (i.e. El,,,,, > Ed,ii) and that 8 > 8,,. Upon rearrangements this expression becomes
where K = t?,, ((E,,.,,) -Ed,,,) . Thus, in the presence of defects and the absence of long-range repulsion, we would expect the heat of adsorption to decrease as l/f? with increasing 0 for low coverages, where this effect would be significant. In the study of Poelsema et al., the concentration of defects was estimated to be I IO-', a value which would certainly lead to a small value of I( in eq. (19) for any reasonable value of (( Edo) -&m) and, thus, to a small decrease in the heat of adsorption due to defects. Low-coverage linear decreases in the heat of adsorption have also been observed in the studies of Campbell et al. [23] and Kelemen et al. [24] , who both found E = 17.0 kcaf/mol.
Evidently. linear decreases in the heat of adsorption at low coverages are also found in the studies of Ertl and Seebauer, the latter of whose data is consistent with our measured slope of E = 13.7 kcal/mol for coverages less than 0.14.
IR shift of linear CO
Another experimentally measured property of the CO-Pt(lt1) system which we measured for our system is the IR shift which would result from dipole-dipole coupling of the linear species. We have calculated dipole-coupling shifts for equilibrium surfaces at various coverages at a temperature of 300 K so that comparisons to experimentally-measured shifts at that temperature could be made. We calculated the shifts utilizing the formalism of Sheffler [28] In these expressions, a,, and cx, are the vibrational and electronic polarizabilities of CO, S(8) is the lattice sum in our potential given as the sum of Eqs. (7) and (8) Fig. 18 depicts our calculated dipoledipole coupling shifts as compared to experimental results. The points on this curve were measured as an average over five equilibrium surfaces separated in time by 5000 steps. Our model agrees well with the expe~menta~ data at low to intermediate coverages and shows slight deviations at higher coverages, where our calculated shifts are somewhat higher than those measured experimentally. The deviations of our model at higher coverages are most likely a result of either the low value of cy utilized in our simuIations or the absence of strong repulsions at the nearest neighbor distance. As discussed previously, both of these factors would disfavor CO adsorption on top sites at nearest neighbor distances and would, thus, reduce the value of the lattice sum. s(0) in eqn. (22) . We have also calculated the expected shift for a perfect c(4 x 2) surface at l/2 coverage. As seen in fig. 18 , the shift arising from this structure is -14 cm-' less than that of our equilibrium surface at l/2 coverage and 300 K. Although the location of this point is consistent with the trend observed by Tiishaus et al., it is more likely that the actual point for the CO-Pt(ll1) system at this coverage is somewhat higher than the perfect c(4 x 2) point. The order-disorder transition temperature of the CO-Pt(ll1) system at half coverage is -270 K [lo], indicating that the surface should be somewhat disordered at 300 K.
The Lennard-Jones model
We have also examined an equilibrium which would arise in our model system from LennardJones 6-12 interactions of the form given in Eq. (9). The model potential energy surface for these calculations was characterized by a E = 1.0 kcal/mol and a = 1.0. As can be seen in eq. (9), the Lennard-Jones potential has two parameters, CT and 6. Through manipulation of u, the length scales over which the potential is attractive and repulsive may be adjusted. Thus, with this potential, it is possible to observe the formation of adsorbate islands at low coverages with densities and patterns such as the c(4 x 2) and the (1 X l), which saturate the surface only at higher coverages. Because the repulsive range of the LennardJones potential is adjustable, there are considerations for the ground states of the system at coverages below l/3 in addition to those for coverages above l/3 discussed in section 5. Perhaps the most peremptory restrictions we must place on the parameters of the Lennard-Jones potential is that they be physically reasonable. With this consideration, we set a lower bound on u of 2.77 A since, for u less than this, molecules will be attracted at distances which violate the CO hard-sphere diameter. Another restriction which arises from this consideration is our limit of 10 kcal/mol on the strength of the repulsion a molecule can feel at the nearest neighbor distance.
there is an upper limit of E for which the c(4 x 2) pattern will be favored energetically over the (8 X v%)R30" pattern at 8 I l/3. A similar consideration arises for the c(4 X 2) pattern at larger values of u: for sufficiently strong adsorbate-adsorbate interactions, the (3/2 X 3/2) and the (lo/2 X $?,/2)R40" patterns will be observed between coverages of l/3 and l/2 instead of the c(4 X 2) pattern. A final consideration for the ground states of the system arises from the fact that. with very weak adsorbate-adsorbate interactions resulting from low E, adsorption on top sites in the (I x 1) pattern will be favored over ordering, since, with AE = 1.0 kcal/mol, the energy of the overlayer would be minimized in this way. Fig. 19 depicts the parameter diagram which arises from these considerations.
The shaded region on this figure represents values of f and u for which the experimentally observed ordering of the CO-Pt(ll1) system (i.e. the (6 x fi)R30° pattern at 8 <: l/3 and the c(4 X 2) pattern at coverages near l/2) is energetically favored with the Lennard-Jones potential.
We have chosen the boundaries on this diagram such that the c(4 X 2) pattern is favored energetically between l/3 and l/2 coverage. The data point on the diagram represents our chosen values of u = 3.7 A and c/k = 30.0 K.
Since (Y was unity in our Lennard-Jones model system. there was no ambiguity c~~ncerning the predominant patterns at 8 4 l/2. As expected, we observed the (6 X fi)R30" pattern for 8 5 l/3 and coexistence of (6 X fi)R30 o and c(4 X 2) domains up to a coverage of l/2, where the pure c(4 x 2) pattern should be observed. Fig. 20 shows a surface and its aut~correlation function at T = 80 K and 8 = 0.35 in which there is coexistence of the (fi x fi)R30° and c(4 x 2) domains. The sixpointed star pattern around the origin of the autocorrelation function indicates this coexistence. By measuring the heat capacity of our equilibrium surfaces as a function of temperature.
we constructed an approximate phase diagram for the Lennard-Jones system. as depicted in fig. 21 . As indicated in this figure, the Lennard-Jones model is a rich thermodynamic system. At B I l/3. the system undergoes a bridge-to-top transition to a top-do~nated (fi X fi)R30" phase whose intensity ranges from very weak at low coverages and temperatures near the bridge-to-top transition and very sharp at low temperatures and coverages near l/3. Since the Lennard-Jones potential has an attractive portion, we observe a first-order greater than the (6 x 6)R30° pattern with this model. Since it can be argued that the low-coverage superstructures observed in the experimental studies arise from fragments of the (6 x fi)R30 o pattern which cannot coalesce due to diffusion limitations at low temperatures, we could attribute our inability to see these structures to the fact that our surfaces are at equilibrium.
At 8 > l/3, the bridge-to-top transition disappears since, at these length scales, adsorbate-adsorbate interactions become significantly stronger than LE. At these coverages, we observed a phase transition of molecules to a (6 x @)R30" -c(4 x 2) coexistence phase which is pure (6 x fi)R30" at B = l/3 and presumably pure c(4 x 2) at 0 = l/2. Although we observed c(4 x 2) domains at half coverage, it was difficult to attain equilibrium at this coverage because of the steepness of the Lennard-Jones potential at the length scales of the c(4 X 2) pattern. However, energetic considerations indicate that, with sufficient time, the c(4 X 2) pattern will evolve at this coverage at temperatures below the order-disorder transition temperature (i.e. the configurational energy of a surface with a perfect c(4 X 2) pattern is much lower than that of our simulation surface). 
